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Abstract 
The effects of global climate change due to increased greenhouse gas emissions are a growing concern.  It 
is important that technology-based solutions be evaluated in the event they need to be implemented.  One 
method of mitigating anthropogenic CO2 emissions is through geologic storage or sequestration.  Most efforts 
involving Carbon Capture and Storage (CCS) focus on CO2 injection in deep geologic formations.  Two issues 
that arise with CCS technology are public acceptance and monitoring of the horizontal and vertical movements 
of the CO2 plume.  With most CCS sites the risk for leak will be extremely low; however, it will be critical to 
assure the public of their safety.  One way to mitigate public concern is through an integrated surface monitoring 
campaign.  Natural surface background CO2 fluxes must be understood to characterize potential leak sites.  LI-
COR Biosciences has developed the technology to aid researchers in monitoring potential surface leak sites in 
areas where CCS is implemented. The LI-8100 Automated Soil CO2 Flux System measures diffusion of CO2 
from the soil into the atmosphere, and the LI-7500 Open Path CO2/H2O Analyzer, when integrated with a sonic 
anemometer, can measure the  CO2 flux over a large area.  In this paper we discuss these two monitoring 
methods in detail and present data that illustrates the need for natural surface flux measurements in areas where 
CCS will be implemented.  We will also provide examples of how this technology is currently being used for 
monitoring CO2 injections at geologic storage sites. 
 
© 2008 Elsevier B.V. All rights reserved 
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1. Introduction 
 
With the increased concern of global greenhouse gas emissions, scientists are researching ways to limit the 
amount of CO2 entering the atmosphere in an effort to mitigate the atmospheric CO2 concentration increase.  
Currently there is a global push to limit CO2 emissions through Carbon Capture and Storage (CCS) 
technologies.  These herculean projects require strategic planning and public acceptance for them to be 
successful.   
 
One of the biggest concerns with CCS is whether or not the CO2 remains within the geologic formation 
into which it was injected.  The post-injection migration of CO2 in time scales of years, decades, and even 
centuries is not well understood.  Despite the fact that CO2 is injected thousands of feet below the surface, the 
risks and potential for failure are very real.  A well organized surface monitoring campaign should include a pre-
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injection background study to better understand the natural variation in soil CO2 flux over the surface of the 
injection area.  By establishing baseline CO2 fluxes, the researcher can say with confidence that routine post-
injection monitoring is effective and can provide quantitative data to prove a leak has not taken place.  An active 
surface monitoring campaign can also be used to ease public perception of any potential leak concerns.  Even 
though the risk of a leak in most cases is very low, using surface monitoring techniques is a valid way to 
convince the public that the CO2 has not escaped to the surface. 
 
LI-COR Biosciences has specialized in ambient CO2 monitoring for the last 20 years.  Our open and closed 
path CO2 analyzers are used worldwide in many different applications.  In terms of CCS technology, LI-COR 
offers a modular LI-8100 Automated Soil CO2 Flux System that can be used to monitor surface leaks and 
natural background fluxes in multiple locations.  The LI-8100 uses a chamber accumulation technique to 
determine the diffusion rate of CO2 out of the soil.  LI-COR also offers the LI-7500 Open Path CO2/H2O 
Analyzer that is commonly used in Eddy Covariance measurements to determine the vertical CO2 flux over a 
relatively large area.  The Eddy Covariance method is an effective way to monitor large areas where CO2 may 
escape from the subsurface. 
 
2. Methods for soil CO2 flux measurement 
 
There are two primary methods to quantify the rate of CO2 release from the ground to the atmosphere. One 
is the chamber-based method, which includes an open-chamber and closed-chamber method. The other is a 
micrometeorological method, which includes the Eddy Covariance method, Bowen-Ratio energy balance 
method and aerodynamic method (Verma [1]).  Due to limited space in this paper, we will only discuss one 
chamber-based method (the closed-chamber method) and one micrometeorological method (the Eddy 
Covariance method). 
 
2.1     Chamber-based soil CO2 flux measurement 
 
The closed-chamber method is the most common approach used to estimate the fluxes of CO2 (Fc, μmol m-
2s-1) and other trace gases at the soil surface. It is widely used in carbon cycle research as well as other 
environmental research areas (Norman et al. [2]; Davidson et al. [3]). In this method, a small portion of air is 
circulated from a chamber to an infrared gas analyzer (IRGA) and then sent back to the chamber. Fc is estimated 
with Eq. 1 chamber volume, soil surface area, air temperature, atmospheric pressure, and the rate of CO2 
concentration increase inside the chamber (dCc/dt, μmol mol-1s-1) which has been on the soil surface for a short 
period of time. 
 
      (1) 
 
 
Where P is the atmospheric pressure (Pa), V (m3) is the total system volume, including the volume of the 
chamber, the pump, and tubing in the measurement loop, R is the gas constant (8.314 Pa m3 °K-1 mol-1), T is the 
absolute temperature (°K), and S (m2) is the soil area covered by the chamber.   
 
  
 
Fig. 1. Schematic diagram of the 
measurement flow path for the 
Automated Soil CO2 Flux System (LI-
8100, LI-COR Biosciences, Lincoln, 
NE). A 20-cm survey chamber is 
shown with the control unit. The 
system can also support measurements 
with a 10-cm survey chamber and a 20-
cm Long-term Chamber. 
 
 
 
 
 
Many custom-made closed systems have been described in the literature (e.g. Savage and Davidson [4]; 
Irvine and Law [5]) and commercially available systems can also be used.  Fig. 1 presents a schematic diagram 
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for the LI-8100 Automated Soil CO2 Flux System showing the flow path, a 20-cm survey chamber and analyzer 
control unit, and optical bench. In addition to carbon cycle research, the closed chamber method has been used 
in agronomy, soil science, and ecological studies. 
 
Instrumentation configuration  
 
Soil CO2 production depends strongly on many environmental (soil temperature, soil moisture, organic 
content) and biological factors (above ground canopy size, growth activity, etc). As a result, soil CO2 flux often 
shows strong temporal and spatial variations, which means that the flux can change significantly over time and 
location at a research site. To address this issue, LI-COR Biosciences has developed survey chambers, long-
term chambers, and a multiplexer for the LI-8100 System. Two survey chambers are available, 8100-102 (10 
cm) and 8100-103 (20 cm). Both chambers operate with a unique pneumatic system that contracts and expands a 
bellows to raise and lower the chamber over the soil collar. This automation eliminates soil disturbances that 
would otherwise occur with mechanical installation and removal of the chamber from the collar between 
sampling repetitions. The pneumatic bellows system raises the chamber between repetitions to allow for 
equilibration with ambient CO2 concentrations before gently lowering again to perform another repetition.  
 
LI-COR offers two long-term chambers (8100-101, 8100-104) to make long-term unattended 
measurements of soil CO2 flux. The 8100-101 chamber has a vertical lift strut mechanism to raise and lower the 
chamber. The 8100-104 chamber has a lift-and-rotate drive mechanism that rotates the chamber to six 
configurable open positions. During the non-measurement period, both long-term chambers park away from the 
collar areas to ensure that disturbance to the soil environmental conditions inside the collar is kept to a 
minimum.   
 
All four chambers close gently onto the collar to minimize pressure pulsations that can change the soil CO2 
concentration, which in turn affects the soil CO2 flux measurement.  
 
To satisfy both temporal and spatial resolution requirements for monitoring CO2 flux, LI-COR Biosciences 
has developed the LI-8150 Multiplexer, which can allow up to 16 chambers to be connected to provide adequate 
spatial coverage. The system’s automation enables long-term, unattended measurement of diurnal and seasonal 
flux at 16 different locations over an area with a diameter of 30 m.  
 
Requirements for a good soil CO2 flux measurement 
 
The concept of chamber-based soil CO2 flux measurements can at first seem quite simple.  However, many 
considerations must be taken into account in the process of instrument design and making the measurements in 
order to have accurate flux data. As stated above, soil CO2 production strongly depends on many environmental 
conditions. Also, soil CO2 flux is a physical process driven primarily by the CO2 concentration diffusion 
gradient between the upper soil layers and the atmosphere near the soil surface. The fundamental challenge for 
making accurate soil CO2 flux measurements is that the deployment of chambers must have minimal disturbance 
to environmental conditions that impact CO2 production and transport inside the soil profile. The four most 
fundamental considerations for an accurate measurement are (1) maintaining the chamber-pressure equilibrium, 
(2) ensuring good mixing of the air inside the chamber, (3) dealing with an altered diffusion gradient inside the 
chamber, and (4) minimizing the disturbance to the environment. Below we will discuss the impact of each one 
of these considerations  on the measurement and how we carefully address them.   
 
(1). Maintaining pressure equilibrium between inside a chamber and the ambient air. Pressure equilibrium 
between inside a soil CO2 flux chamber and the surrounding air outside the chamber must be maintained during 
the measurement if measured flux is to accurately represent the rate occurring naturally outside the chamber. A 
simple open vent tube connecting to the chamber has often been used for the pressure equilibrium (e.g. 
Hutchinson and Mosier [6]; Davidson et al. [3]). This approach, however, is effective only under calm 
conditions. Under windy conditions, negative chamber pressure excursion will occur as wind blows over the 
vent tube’s external open end because of the Venturi effect. This will cause a mass flow of CO2-rich air from the 
soil into the chamber, leading to a significant overestimation of soil CO2 flux. In fact, some researchers (e.g. 
Conen and Smith [7]) recommended eliminating the vent tube after recognizing the potential problem from the 
Venturi effect. 
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Scientists and engineers at LI-COR Biosciences have developed a patent-pending vent design for our 
chambers. The new vent has a tapered cross section as shown in Figure 2. Conservation of mass requires that the 
average air flow rate drops as the air enters the vent. According to Bernoulli’s equation, as the air flow rate 
decreases, a major portion of dynamic pressure is converted to static pressure, raising the static pressure with 
which the chamber equilibrates. This design is radially symmetric to eliminate wind-direction sensitivity.  Data 
from field experiments on differential pressure measurements between inside the chamber and the outside 
ambient air show that chambers equipped with our newly designed vent always have internal chamber pressure 
equal to outside the chamber under both calm and windy conditions. Our new vent thus virtually eliminates the 
Venturi effect. For more details, see our published journal paper (Xu et al. [8]).  
 
 
Fig. 2. Cross-section view of the new vent design 
(patent pending). UT is the wind speed at the 
height of the vent. UV is the wind speed inside the 
vent near the vent tubing. h1 and h2 is the edge and 
the central distance between the upper- and the 
lower-half of the vent.  Uv depends on the ratio of 
h1 to h2.  
 
 
 
(2). Ensuring good mixing. Because only a small portion of the chamber air is sent to the infrared gas 
analyzer (IRGA) to determine the increase rate of chamber CO2 concentration (dCc/dt), good mixing inside the 
chamber is essential. A mixing fan often has been used in many custom-made soil CO2 flux systems to achieve 
good mixing, but using a mixing fan inside a chamber can also cause disturbances in the pressure equilibrium. 
To eliminate any potential chamber pressure perturbation, a mixing fan is not used on LI-8100 chambers. Good 
mixing is achieved through both optimal chamber geometry (bowl shape for 8100-101, 103, 104 chambers) and 
a mixing manifold (8100-102 chamber).  
 
(3). Dealing with altered CO2 diffusion gradients. Soil CO2 flux is driven primarily by the CO2 diffusion 
gradient across the soil surface. With the closed-chamber technique for estimating the flux, the chamber 
headspace CO2 concentration (Cc) must be allowed to rise in order to obtain the rate of change in Cc ( dtdCc ). 
However, raising Cc will reduce the CO2 diffusion gradient across the soil surface inside the chamber, leading to 
an underestimation of the flux. To overcome this, a new exponential function is derived to fit the time series of 
Cc, taking the effect of water vapour dilution into account (Eq. 2). With the initial slope (
0=tc
dtdC ) of the fitted 
function (Eq. 3), the flux is then estimated at the time of chamber closing, when Cc is close to the ambient level 
(Fig. 3).  
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(3) 
where Cc’ is the chamber CO2 concentration corrected for water vapour dilution (μmol mol-1), Cs’ is the CO2 
concentration in the soil surface layer communicating with the chamber (μmol mol-1), also corrected for water 
vapor dilution, and a is a rate constant (s-1).  
 
Comparison of Fc measurements between this new approach and an earlier draw-down method (Norman, 
et al. [2]; Welles et al. [9]) yielded an excellent agreement, suggesting that both approaches are effective in 
minimizing the impact of altered CO2 diffusion gradients on the flux measurement. From the literature, a linear 
regression often has been used on the time series of chamber CO2 data to determine dtdCc . Our experimental 
data show that the underestimation of Fc from the linear approach was systematic and significant, even though 
the linear regression sometimes gave a very high value for the regression coefficient (Fig. 3). Furthermore, the 
underestimation was greater for porous soils that had high conductance to gas transport. Therefore we do not 
recommend using the linear regression on the time series of chamber CO2 data to determine the dtdCc .  
 
(4). Minimizing the disturbance to the environmental conditions. For a long-term soil CO2 flux 
measurement, it is critical to keep the environmental conditions inside the collar as close to the natural 
conditions as possible. The impact of installation of the long-term chamber on radiation balance, wind field, and 
precipitation interception should be minimized. This issue was addressed carefully when we designed the two 
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long-term chambers (8100-101 and 104). Both chambers are parked away from the collar when they are not in 
the measurement mode. The baseplate of the two long-term chambers is also perforated to minimize the 
perturbation to the soil environment around the collar.  
 
All four chambers close and open automatically and slowly. This eliminates the possibility of pushing 
fresh ambient air into the soil or removing soil air during the chamber closing/opening. Temperature artefacts 
are minimized by careful consideration of chamber materials and coatings.  
 
 
Fig. 3. Illustration of the exponential approach 
implemented in LI-8100 Automated Soil CO2 Flux 
System. An example of time series of chamber CO2 
concentration and a comparison of the slopes from 
the linear regression and the exponential regression. 
The chamber touched down at time 0=t . The 
observation length was 120 s and the deadband was 
set to 20 s. A deadband is required for the chamber to 
reach a steady mixing. CO2 data from 21 to 120 s 
were used to fit the linear equation and the 
exponential equation (Eq. 2).  
 
 
 
 
Example of soil CO2 flux measurement over a soybean field in Nebraska 
 
        Fig. 4 shows an example of diurnal soil CO2 flux from a soybean field at the University of Nebraska 
Lincoln Agricultural Experimental Station near Mead, NE. The dataset was obtained in the middle of the 
growing season (July 9 to 19, 2006). The flux value and soil temperature at 5 cm depth were averaged from 16 
measurements at different locations with an LI-8100 sixteen chamber multiplexed soil CO2 flux system. The soil 
CO2 flux ranged from 2 to 7 μmol m-2s-1. The soil CO2 flux shows a strong diurnal pattern and closely follows 
the soil temperature variations; this is because microbial respiration increases exponentially with temperature. 
This flux range of 2 to 7 μmol m-2s-1 was comparable with other soil CO2 flux data published in the literature 
obtained from similar agricultural fields in the middle of the growing season. Normally, the soil CO2 flux from 
natural ecosystems can vary from less than 1 μmol m-2s-1, to around 10 μmol m-2s-1, depending on the soil 
temperature, moisture, soil organic matter, plant canopy size, growing season, etc. 
 
 
Fig. 4. Example of diurnal soil CO2 
flux (Fc) measured with a LI-8100 
sixteen chamber multiplexed soil 
CO2 flux system from a soybean 
field at University of Nebraska 
Lincoln Agricultural Experimental 
Station at Mead. Soil temperature 
at the depth of 5 cm (Tsoil) is also 
shown.  
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2.2    Micrometeorology-based flux measurements 
  
Perhaps the most direct method available for measuring CO2 fluxes above a surface is the Eddy Covariance 
method, which was first proposed by Swinbank [10]. This method relies on measurements of the deviation (or 
so-called perturbation) of vertical wind velocity (w') and of an associated scalar from their mean values. Taking 
CO2 flux (Fc) measurement as an example, vertical wind velocity perturbation (w') and air CO2 density (CO2') 
can be calculated from high frequency (usually 10 Hz) measurements of vertical wind velocity and air density 
according to: 
 www −='         (4) 
222 ' COCOCO −=         (5)  
The over bar denotes time averaged values. Fc over a surface can be determined as: 
  '' 2COwFc −=         (6) 
This method relies on measurements of the fluctuating components of vertical wind and CO2 density in the 
constant flux region of the surface boundary layer (Monteith and Unsworth [11]).  
 
Although it was proposed in the early 1950s (Swinbank [10]), this method was used over crop fields and 
other natural ecosystems only after development of fast-response sensors and computer data-acquisition 
equipment (Baldocchi et al. [12]). Most recently, this method has been widely used for the measurement of CO2 
flux between natural vegetation and the atmosphere in the network of field stations for the research of global 
carbon budget, including AmeriFlux, CarboEurope, AsiaFlux, and the Canadian Carbon Program (Baldocchi et 
al. [13]; Verma et al. [14]).   
 
Sensors for Eddy Covariance measurement are normally mounted on a tower. The response time for sonic 
and gas analyzers must be 10 Hz or faster because spectrum analysis shows that the turbulent transport of any 
scalar in the surface boundary layer from eddy sizes range from 0.001 to 10 Hz. This method measures the 
average CO2 flux over an integrated area as seen by the sonic anemometer and the gas analyzer. As a rule of 
thumb, this integrated area extends to a distance about 100 times the height of the sensors to the up-wind 
direction.  
 
 
 
 
 
Fig. 5. An example of the instrumentation setup 
for an Eddy-Covariance flux measurement. 
Picture shows a 3-D sonic anemometer (CSAT3, 
Campbell Scientific, Logan, UT) and an open-
path CO2/H2O analyzer (LI-7500, LI-COR 
Biosciences, Lincoln, NE).  
 
 
 
 
 
The requirements for making an Eddy-Covariance CO2 flux measurement are (1) fast response of both the 
sonic anemometer and gas analyzer; (2) density correction arising from the fluxes of sensible heat and latent 
heat flux (Webb-Pearman-Leuning correction [15]), and (3) a relatively large and flat field site. More 
information on how to make the Eddy-Covariance CO2 flux measurement can also be obtained from the 
following website (http://www.licor.com/env/Products/GasAnalyzers/gas.jsp). LI-COR also offers an 
introductory course on the Eddy Covariance method for those who are new to the technique 
(http://www.licor.com/env/Products/GasAnalyzers/EddyCovariance/). Designed by LI-COR scientists, the 
course provides information on the general principles, requirements, applications, and processing steps of the 
Eddy Covariance method. 
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component that will allow them to assess whether a leak has taken place.  Public acceptance of these programs 
will be contingent on proof of containment.  This can be accomplished through surface monitoring using a 
chamber accumulation method or by micrometeorology-based flux measurements using the Eddy Covariance 
method.  Both methods provide fast, accurate ways to measure CO2 flux in an ecosystem. 
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